The production of significant concentrations of 0(' P) in the gas phase reaction of hydrogen atoms with ozone in a fast flow discharge system at 1.1 ±0.1 Torr total pressure in Ar and at room temperature has been reported earlier. These yields were observed to be independent of the concentration of known deactivators of OHt (v = 9) such as 0, and CO,. We report here the results of detailed studies of the yields of 0(3p) and ground state OH(X '1T; ),~O (OH) using resonance fluorescence under a wide variety of reaction conditions. It is shown that the highest yields of Oep), 27 ±2% of the calculated loss of 0 3 ,are observed when H is present in excess and the flow tube is coated with a halocarbon wax. The yields are substantially lower when 0 3 is present in excess and increases as [0 3 10 increases. In addition, in an excess of either reagent, the 0(' P) yields are lower when the walls of the flow tube are coated with boric acid, which is known to deactivate the vibrationally excited OHt produced in the initial reaction of H with 0 3 , Addition of NO decreased the yield of 0(3 PI, and increased the yield of OR. These results suggest that secondary reactions of OHt, likely with Hand 0 3 , are responsible for the production of O(,P), and that a second primary reaction channel, H + 03-+HO, + 0(' P) [Eq. (Ib)] accounts for :0; 2% of the net reaction.
INTRODUCTION
The reaction of hydrogen atoms with ozone is important in a number of areas including chemical dynamics, 1-4 the chemistry of the upper atmosphere, 5-10 and in some oxidation and combustion systems. it-iS It has been known for a number of years 14 -20 that it produces the hydroxyl free radical in upper vibration-rotation levels of the ground electronic state:
H+Os-OH(X27TI)v~9+02'
AH;98 =-76.8 kcal/mole.
(la) Studies of this reaction have generally concentrated either on the product OH{X 2 7Tj)V<9 because of the unusual efficiency with which the reaction exothermicity is channeled into vibrational energy, 1-S.21 or on the overall reaction kinetics 22 • 2s which are important in establishing the role of this reaction in the upper stratosphere and mesosphere.
Until recently, 24 the alternate reaction path AH 2 0 98 = -21. 6 kcal/mole (lb) apparently had not been considered. In our initial studies communicated earlier, 24 we reported the observation of Significant concentrations of Oep) in this system. The Oep) was formed extremely rapidly and the yield was insensitive to the addition of such molecules as CO 2 and O 2 which are known 25 to deactivate OH t (9 )28 under these conditions, and which from the literature 21 • 27 were expected to deactivate the lower vibrational levels as well. On this basis we suggested Reaction (lb) as one possible source of the 0{3p), although rapid secondary reactions of the OH t (v) produced in Reaction (la) could not be excluded with certainty.
A subsequent direct search 28 for ground state H0 2 (ZA"), the second product in Reaction (lb), by laser magnetic resonance failed to detect this species and an upper lima) Author to whom correspondence should be addressed. b) Present address: Statewide Air Pollution Research Center.
University of California. Riverside. Cal. 92521.
it of 3% of the overall reaction of H with Os was established for the contribution of Reaction (lb). An indirect search 29 for H0 2 carried out simultaneously by another group by looking for O 2 (1 ill) ' which should have been produced by the reaction of H with H0 2 , placed an upper limit of 6% on the contribution of Reaction (lb) to the overall reaction.
We report here the results of detailed studies of the effects of changing the wall coating and the reaction conditions on the yields of Oe p). In addition, the yields of ground state OH were investigated and the effect of adding NO on both the OH and o(3p) yields studied. Finally, the decay of H with [H] o"" (2-3)[OsJ o was followed. These results, taken in conjunction with work in thig25 and other laboratories21.30-33 on the reactions of OHt(v) , place an upper limit of 2% on the contribution of Reaction (lb) to the net reaction. The most likely sources of the o(3P) are the reactions of OHt{v) with H, and under some conditions, with 0 3 ,
EXPERIMENTAL
The apparatus, described in detail elsewhere; 25.34 is a conventional fast-flow discharge system with a double concentric movable inlet and fixed detection ports. Atomic hydrogen and oxygen, as well as ground state hydroxyl radicals, are detected using the resonance fluorescence technique as described earlier. 25. 34 In the first series of experiments, where 0(3 p) was determined as a function of reaction time, the initial concentration of hydrogen atoms was first established by titration with an N0 2 / Ar mixture of known concentration by following the Lyman-a resonance fluorescence at 121. 6 nm. The wavelength setting ofthe monochromator was then changed so that the net emission from the atomic oxygen triplet around 130.5 nm was detected. In order to convert the observed intensities into absolute concentrations of Oep), the system was calibrated at the beginning and end of a series of runs by discharging N2 and titrating the nitrogen atoms so produced with NO. Since the rate constant 35 for this reaction is 3. 4x 10-11 While the initial concentration of nitrogen atoms was not determined directly in these studies, the following evidence indicates that this reaction was complete:
(1) As the reaction time between the point of addition of NO and the detection port decreased from -50 msec, the signal from 0(3 p) remained constant at reaction times down to 25 msec [ Fig. l(a) ] even at the lowest initial concentrations of N z used {[N 2 ]o was varied from 1. 7 to 3.8 X 10 15 }; this indicates that the initial concentration of atomic nitrogen was ~ 3 x 10t2.
(2) Varying the flow of N2 through the discharge by a factor of 2.3 with a constant (limiting) concentration of NO did not alter the observed fluorescence intensity; if the titration was not complete, increasing the concentration of N z (and hence presumably the nitrogen atoms) should have increased the conversion of NO to o(3P) and hence increased the observed Oep) emission intensity.
Since the titration was complete, and since no wall loss of O(Sp) was observed, the O(3P) concentration is equal to the initial concentration of NO. A typical calibration plot is shown in Fig. 1 (b) .
The production of ground state OH was also followed in some experiments. The initial concentrations of hydrogen atoms were determined by titration with NO z and the OH produced was followed. 34 This titration also served to calibrate the OH resonance fluorescence intensity as a function of the absolute OH concentration, since the latter can be calculated from the initial concentrations of Hand N0 2 if appropriate corrections are made for its loss processes. First order rate constants (k) for the OH wall loss were measured before and after each set of runs, and varied from 4 to 15 sec-t. A reaction scheme of the important processes in the H +N0 2 system, including the wall loss and bimolecular reaction, was constructed and numerical integration of the rate equations carried out as described elsewhere. 25 The concentrations of OH predicted at the detection port then included corrections for all of its loss processes and these predicted concentrations were used to construct the calibration curves.
The purity of the tank gases and the purification procedures used are described elsewhere. Z5 All experiments were carried out at 1.1 ± 0.1 Torr in Ar and at 300 ± 3 OK, with typical linear flow speeds of 1000 em sec-t.
RESULTS

Yields of OPP)
o(3P) was followed as a function of reaction time in both excess H and in excess Os, in flow tubes coated with either halocarbon wax 37 or boric acid. A typical time dependence of o (3p) in excess H in the wax coated tube is shown in Fig. 2 . It is seen that o(3p) is formed very rapidly and in substantial concentrations. Table I summarizes the results of a number of experi- Table I . bSee footnote b in Table I. formed by secondary reactions of OH t and that the most likely source was the second reaction channel (lb).
The products of such a primary reaction should not be sensitive to the nature of the flow tube wall coating. However, as seen from Table II, when the walls of the flow tube were coated with boric aCid, the estimated yields of O(3P) in excess H fell by a factor of 2. Boric acid is known from studies in this25 and other laboratories 3o • 31 to deactivate OH t rapidly. These results suggest then that, in contrast to the CO 2 and O 2 experiments, o(3P) is indeed formed in secondary reactions of the OH t produced in Reaction (la).
Furthermore, as seen in Table Ill , when these experiments are carried out in excess 0 3 in the wax coated tube, the O(3P) yields are found to be substantially less than in excess H and to increase with the initial ozone concentration. In the boric acid coated tube under these conditions, the yields were ::s 2%, which places an upper limit in the contribution of Reaction (lb) to Reactions (1) = (la) + (lb).
Weighted mean c 0.14± 0, 01 (2uo) cSee footnote c in Table I .
Production of ground state OH
Determination of ground state OH yields is more difficult and less accurate than the 0(3p) studies because of the need to measure, and correct for, the wall loss of OH in developing the resonance fluorescence calibration plots. The uncertainties in both the measurement and prediction (see below) of ground state OH concentrations are such that we prefer to emphasize not the absolute concentrations observed but the effect on them of adding CO 2 and NO. The addition of CO 2 at concentrations up to 2 X 10 15 had no effect. As seen in Fig. 3 , however, the addition of NO increased the observed concentrations at short reaction times and increased its rate of decay at longer times. This is consistent with rapid quenching of OH t to the ground state by NO, in competition with removal of OH t by H. If OH t is the precursor to Oep), addition of NO should also decrease the Oep) concentration under these conditions. Figure 4 shows that OHt is indeed the precursor to the Or P) and is rapidly deactivated by NO.
conditions, the coating of the flow tube walls, and the addition of NO all suggest that OH t is a precursor to Careful checks were carried out in these experiments to ensme that the concentration of H was not altered by the addition of NO, either by reaction with NO itself or with small amounts of NO z present as an impurity. Thus, no significant decrease in the hydrogen atom resonance fluorescence emission intensity was observed when NO was added at concentrations up to 3 X 1014 to initial concentrations of H which were sufficiently low (~ 1.5 X 101Z) that the resonance fluorescence intensity is linear with [H] . Similarly, the observed decrease in 0(3 p ) cannot be due primarily to removal of 0 3 by the NO since this reaction is slow (k Z98 = 1.8 X 10-14 )35 relative to that with H. For example, for the conditions of Fig. 4 only -3% of the 0 3 is removed by reaction with H for [NO]o=5xI013.
To summarize, the effects of changing the reaction the observed Oep) in this system. The yields in excess 0 3 in the boric acid coated flow tube place an upper limit of 2% on the contribution of Reaction (1b) to Reactions 
-Hz +Oz , ---b
[OH]
(radicals em -3) 
H+OHt-OH+H,
-H 2 +0.
(5a)
In order to test these possible sources quantitatively a reaction scheme, described in detail elsewhere,25 was applied. In this scheme, OH t (9) is treated separately from the lower vibrational levels OH t (1-8) which are lumped together as one species. Table IV gives the most important reactions for the present purposes and the rate constants used.
Reaction of OHt with 0 3
The results of a variety of kinetic studies 21 , 25, 30, Sl of OH t (v) indicate that its reaction and/ or deactivation by H is very rapid compared to that by Os. Reaction (2c), which requires 3 or more quanta of vibrational energy in the OHt to overcome the endothermicity, is thus a feasible source of Orp) only when 0 3 is present in excess. If this reaction occurs in competition with other losses of OH t (e. g., deactivation at the walls, or by the carrier gas), then the extent of Reactions (2) and hence the o(3p) yield will increase with [oslo in a manner at least qualitatively consistent with our observations. In excess Os then, Reaction (2c) is a feasible source of the Orp). In excess H, OH t is anticipated to be removed almost entirely by H rather than by Os, since the room temperature rate constants for the two processes are reported to be of the order of 10-10 and 10-11 , respectively. 21, 30, 31 In any event, the low o(3p) yields in excess Os indicate that in excess H, where the 0 3 concentrations are much lower than in Table ill, Reaction (2c) must contribute even less than observed in excess Os, i. e., ~2%.
Reaction of H with H0 2
Reactions (3) could be important if the channel (3c) forming Orp) was significant and if substantial amounts of HO z are produced. The fraction of the overall H +H0 2 reaction which gives 0(3p) is not well established. The most recent studies are those of Hack, Wagner, and Hoyermann S8 in which 2% of the total reaction was found to proceed via channel (3c), 29% via channel (3b), and 69% via channel (3a), with an overall rate constant S9 k3 at 298 oK of (4.7 ± 1. 0) x 10-11 • These studies are supported by the earlier work 4o of Clyne and Thrush in which channel (3b) was found to account for 33% of the overall reaction. The small branching ratio into channel (3c) implies that even if HO z is produced in our syste~, its reaction with H is a negligible source of 0(3p).
The results of earlier studies 41 by Westenberg and de Haas, however, indicate that channel (3c) may indeed account for a significant portion of Reactions (3). They derived relative rate constants for channels (3a), (3b), and (3c) from measured absolute concentrations of H and the steady state concentrations of OH and 0(3p) in the H-0 2 -M system. Correcting their relative rate constants for more recent determinations 3s of the 0 +OH and OH +OH rate constants on which their relative values depend, 26%, 51%, and 23% of the reaction are predicted to proceed via channels (3a), (3b), and (3c), respectively.
However, even if this higher branching ratio for channel (3c) is assumed, in order for Reactions (3) to be a Significant source of O(,p), one needs a substantial source of HO z • The only sources of H0 2 other than Reaction (lb) which, as discussed above, appears to be negligible are the reactions of OH and OHt with 0 3 and the recombination of H with O 2 either homogeneously or heterogeneously. Homogeneous third order formation of HO z is negligible under these experimental conditions since this reaction is slow 3s and only small concentrations of O 2 [i. e., that produced in Reaction (la)] are present.
However, to check that this or a faster heterogeneous recombination on the walls was not occurring, heated silver wool was inserted in the ozone line in one experiment to convert all of the 0 3 in the helium stream to O 2 , This 02/He mixture was then reacted with the excess hydrogen atoms. If heterogeneous formation of HO z was occurring in the system, the H0 2 should have been converted by the excess H into OH via Reaction (3a) and detectable amounts of OH should have been produced; in fact, none was observed.
Similarly, the reaction of OH and OH t with 0 3 to produce HO z is expected to contribute negligibly to HO z formation; the reaction of OH with 0 3 is relatively slow (k = 5. 2 X 10-14 )42 and, as discussed above, OH t + H appears to be approximately an order of magnitude faster than Reactions (2). However, given the substantial uncertainty2s in the rate constants for OH t reactions, an extreme worst case estimate of the importance of Reaction (2a) followed by channel (3c) was made by taking Table IV for the definition of k s ., kSrI ,kSb' and kS/I • ) Assuming the reevaluated branching ratios of Westenberg and de Haas given above, the concentration of 0(3p) formed in the reaction is anticipated for the conditions of Fig. 2 to be -16% of that experimentally observed. Thus, the HO z from the reactions of OH and OH t with 0 3 cannot be responsible for the larger observed 0(3 P) concentrations.
Bimolecular reactions of OHt
Another potential source of O~P) is the bimolecular Reaction (4) between the two hydroxyl radicals. If both are in the ground state, the rate constant 3S is 1. 7x 10-12 , too slow to be a Significant source of 0(3p) in our system.
The effect on this rate constant if one or both of the hydroxyl radicals is vibrationally exc ited is not known. However, if this were the source, a higher yield of O~P) might be expected in excess 0 3 compared to excess H since the latter appears to more rapidly remove OHt. In addition, a dependence of the O(,p) yield on the limiting reagent would be expected. Finally, the time dependence of the O('P) would be expected to show an induction period at short reaction times. None of these effects are observed.
To test this more quantitatively, however, the reaction scheme in Table IV = O. An extremely large rate constant k4 = 6 X 10-10 was assumed to provide a worst case estimate of the contribution of Reaction (4). Curve (b) of Fig. 2 gives the predicted 0(3p) concentrations under these conditions. It is seen that the yields of 0(3p) are substantially lower than those observed. If an intermediate value of 1 x 10-10 is assumed for k4 when at least one of the reacting hydroxyl radicals is vibrationally excited, then these reactions account for less than 10% of the observed 0 (3p) formed [curve (c) of Fig. 2] . Thus, Reaction (4) cannot be the major source of the 0(3p).
Reaction of OHt with H
The Reactions (5b) and (5b') of H with OH t seems to be most consistent with our observations. Thus, the Oe P) yields are greatest in excess H. [As discussed above, the lower yields in excess 0 3 are consistent with the reaction (2c) of OH t with 0 3 ),] OH t (v) in v = 1, 2 has been shown 31 to be deactivated rapidly by H, rather than reacting with it. As additional confirmation of this, we have observed in our system negligible concentrations of Orp) from the reaction of H with NO z , which produces OHt (v~3) tional levels v> 3 must be responsible.
Our observations can then be qualitatively explained in the following way: The reaction of H with Os is known to produce OH t predominantly in the upper vibrational levels. From the work of it is estimated that -45% of the reaction produces OH t in v = 9, with the remainder producing OH t mainly in v = 7, S. If CO 2 and O 2 are exceptionally good quenchers of OH t (9) compared to the lower vibrational levels, then their addition would lead to increased concentrations of OHt(l-S). If, however, in contrast to our original expectations based on the literature, 21,27 OHt(1-8) is not substantially quenched by CO 2 and O 2 , then the OHt(l-S) would continue to produce o (3p) and the yield would not change, consistent with our observations. Boric acid and NO must deactivate all vibrational levels with comparable efficiency (although not necessarily with the same rate constants) so that their presence leads to increased yields of ground state OH and decreased yields of o(3P).
To test this hypothesis, the fraction of Reactions (5) leading to products rather than deactivation, i. e., {3 = (ks~ +kSb' )/k s , where ks = (k a +ksa' +ks~ +k511'), was varied to obtain a best match to the o(3p) data in Fig.  2 and the OH data in Fig. 3 . In these particular cases, {3=0.30 and 0.17, respectively, gave the best match.
To predict the effect of NO on the OH concentrations (Fig. 3) , the value of the rate constant kg (Table IV) is needed. For v =1, 2, kg is in the range 31 ,33 (0.15-1) x 10-11 while the values for upper vibrational levels are unknown. To obtain an estimate of kg as an average over over all nine vibrational levels present in these experiments, it was assumed that kg = k ga = kg~ and this value was varied to obtain a best fit to the Oep) data of Fig. 4 . The values of kg so obtained varied; thus kg=2 x 10-u gave a best fit to curve (b) of Fig. 4 while kg=5 x 10-12 matched curve (d). (This variation in kg lilely arises from assuming that k ga = k gb and lumping all vibrational levels from v = l-S together.) Taking kg = 5 X 10-12 as representative of the experimental conditions of Fig. 3 ([NO"!o=1.8 x 10 14 ) , and kw=l1 sec-1 , determined immediately before these runs, one predicts curve (b). While the fit to the data is poor, especially at long reaction times, a much better fit [curve (c)] resulted if it was assumed that kw increased to 17 sec-1 in the presence of NO. We tested for an increased wall loss in the presence of NO by adding NO to the H +N0 2 reaction and measuring kw' It was found that in both the wax tube and the boric acid coated tube, kw increased by approximately a factor of 2 when NO was added at concentrations of -10 14 • Thus, the increased kw needed to match the OH data in the presence of NO is reasonable.
In summary, then, our observations of the time dependences of O(3P) and OH appear consistent with Reaction (5b) as the source of Oep) in excess H. Column 7 of Table I gives the values of {3 for each run which give the best fit to the observed o(3p) concentrations over the reaction times stUdied. It is seen that for [H]o ~ 3 x 10 12 and [0310S6xlO11, 31%±3% of the OH t appears to react with H, where the quoted error is 2uo. The experiments at higher [Hlo [(5-10)X10121 appear to have somewhat higher 0(3p) yields, However, for several of these, the [0 3 ]0 was also somewhat higher than usual so that the bimolecular reaction (4) of OHt, or some other secondary reaction, may be contributing to the observed Oep).
The estimated yields and values of {3 are not identical in each run because the yields were estimated from a typical Oep) concentration at one reaction time while {3 was obtained by finding a best fit to the data over the entire range of reaction times studied. In addition, the computer predictions of {3 include other minor loss processes for OH t in addition to Reactions (5).
In addition to the random errors, there are several possible sources of systematic errors. The most important one lies in assessing the contributions to Oep) production of the bimolecular OH t reactions. For the lack of any available information, we assumed here that k4 = 1 X 10-10 , in which case it contributes negligibly « 10%) to the 0(3p) formation, as discussed above.
A second possible systematic error arises from the rate constant assumed for Reactions (5) (2 X10-10 ). Increasing ks to 6 X 10-10 increases the predicted Oep) concentrations for a given value of {3 at low converSions, since it decreases the amount of reacted 0 3 that exists as OH t at anyone time. As expected, the ultimate yields of 0(3 ~ predicted using these two rate constants converge as all of the 0 3 is consumed. However, at low concentrations of Hand siDrt reaction times where the extent of reaction is low, underestimating ks will lead to values of {3 which are too large. We estimate the possible error from this to be :515%.
A third possible source of systematic error is the effect of ignoring deactivation of OH t at the walls and by the carrier gas Ar. We have shown 25 that in our system, under the conditions of the present experiments, OH t (9) may be removed primarily by these two processes' deactivation by H becomes important as the , 13
concentration of H approaches 10. On the other hand, Spencer and Glass 31 have shown that OHt(l, 2) is removed primarily by H under conditions (including nature of the wall coating) similar to the present experiments. The intermediate vibrational levels which appear to be the source of the Oep) undoubtedly lie somewhere in between these two extremes. While including such deactivation will lead to increased values of {3, no quantitative estimates of the possible error in {3 from this source are possible without knowing the actual rates of deactivation by the wall and Ar.
Two additional sources of systematic error are associated with measuring the initial 0 3 concentrations, and to a lesser extent with establishing the calibration curves used to convert o (3p) fluorescence intensities into absolute concentrations. To minimize the error associated with measuring the initial 0 3 concentrations, both the calibration of the rotometer and the linearity of the absorbance with concentration were checked carefully several times during these experiments. We estimate the systematic error from this source to be :515%.
To minimize errors from the calibration for o(3P), the calibrations were typically carried out at several different N z flows at the beginning and end of each day. The calibration curve was generally quite stable and the systematic error associated with this is estimated to be :5 5%. Using the square root of the sum of the squares of these contributions, the total error in the measured o(3p) concentrations from these two last sources is estimated to be :5 16%.
If Reaction (5b) is the source of 0 (3p) in excess H, then -1. 3 molecules of H should be reacted for each molecule of 0 3 in the wax coated tube. Thus, the concentration of H was also followed under conditions typical of Table 1 . Numerical integration of the rate equations in Table IV was carried out and {3 varied to produce a best fit to the H data in each run. A best match was found for six of eilrht runs bv assuming that between 13% and 30% of the OH t formed in Reaction (1a) reacted with H, the average being 25%; the other two runs gave a best match with 0%. While this is not compelling evidence for Reaction (5b), espeCially since the accuracy of the predictions of the H atom decay depends on the accuracy of kl' [Hlo, and [03lo,  
it indicates at least that Reaction (5b) is a reasonable source of o(3p).
The present results and interpretation are consistent with the lack of detection z8 • 29 of significant amounts of H0 2 in this system. However, the results of recent laser photolYSiS experiments 43 of 0 3 / H2 mixtures support our original suggestion 24 of a second channel (lb) in the H +0 3 reaction. In the latter experiments, the 0(lD 2 ) atoms produced in the photolysis of 0 3 react with H2 to produce H, which then reacts with the excess 0 3 , The decay of H and the production of ground state O(3P) were followed and both found to be consistent with 40% of the H +0 3 reaction proceeding via Reaction (1b). How· ever, the reaction of OH t with 0 3 could not be ruled out with certainty, although it would apparently have to proceed with a rate constant of -10-10 to be consistent with their observed o(3p) time dependence. As discussed above, previous experiments on the rate constant for OH t +0 3 indicate that the reaction is 1-2 orders of magnitude slower than this. Our own experiments 25 on OH t (9) suggest that OH t (9) +0 3 is much slower than OH t + H, and if the latter has a rate constant of -10-10 , then k2 should indeed be :St 10-11 • Thus, the most reasonable explanation for their results appears to be Reaction (1b) and the reason for the discrepancy between their results and the present ones is not clear.
If Reaction (5b) is indeed responsible for the 0(3p) formation, it raises some interesting questions with regard to the effects of vibrational energy on the dynamics of the reaction of H with ground state OH:
This reaction is almost thermoneutral (AIl zs8 = -1. 9 kcal/mole) and slow (k Z98 = 3 x 10-17 ),35 with an activation energy of -7 kcal. Thus, even OH t (v = 1), which is 10.2 kcal above v = 0, 44 has enough vibrational energy to overcome the energy barrier. However, as discussed above, OH t (v = 1-3) apparently is deactivated by H rather than reacting 'with it. Thus, large amounts of vibrational energy, well above the activation energy, are apparently needed for this reaction.
An additional interesting aspect of this reaction is that if the activation energy were lowered to zero, the rate constant predicted at 298 0 K on the basis ofthe recommended 35 Arrhenius expression would be only 4x 10-12 . However, the reaction producing 0(3p) must be sufficiently fast compared to Reaction (la) to mimic a primary process on a msec time scale, i. e., it must be -10-10 , consistent with the observations in this25 and other 31 laboratories on H + OHt. Thus, the pre-exponential factor for this reaction must be increased compared to the reaction of ground state OH.
These results can be compared to those of Polanyi and co-workers 45 on a similar reaction (10) where the lower vibrational levels did react with CI and the rate constant was found to increase by about a factor of 10 as v increased from 1 to 9. This reaction is similar to Reactions (5) in that it is also nearly thermoneutral (AIl; = -0.9 kcal/mole) and also has an activation barrier of -5 kcal/mole, much less than the energy of v = 1. The difference between the two reactions may arise in part from the possibility of rapid deactivation of OH t by H in addition to reaction. Thus, whether deactivation or reaction occurs when H approaches OH t may depend on the direction of approach. For example, if H approaches from the oxygen atom end of O~, deactivation via a quasi-intermediate water molecule may result:
(5a) whereas approach from the hydrogen atom end may lead to reaction:
(5b)
In contrast, deactivation of the high vibrational levels of OH t by CI apparently accounts for less than 25% of the loss of the OHt. 45
Another relevant reaction which has been studied 48 is the reverse of Reactions (5): (11) This reaction is endothermic by -2 kcal and has an activation energy of -9 kcal. Putting one quantum of vibrational energy into the Hz increases the rate constant by a factor of 2.6 X 10 3 . 48 In this case, however, efficient deactivation of the H 2 (v = 1) by 0(3p), comparable to Reaction (5a), seems less likely because formation of a highly excited water molecule intermediate would require insertion of the 0(3p) into the Hz.
The lack of participation of the lower vibrational levels of OH t in o(3p) formation may result from the relative rates of Reactions (5a) and (5b) and their dependences on v. Thus, k5tJ may even decrease with increasing v beyond a particular vibrational level; as the vibrational energy content of the OH t (v) increases, the energy of the intermediate (H-O-H)* also increases and its lifetime is expected to decrease. The lifetime may become sufficiently short that it rapidly decomposes back to the initial reactants rather than surviving long enough to scramble the initial vibrational energy of the O-Ht bond, and form OHt(v' <v) . In this case, de· creasing values of kSa with v would result.
To test whether this explanation is feasible, RRKM theory47 was used to estimate the decomposition rates of the intermediate (H-O-H)* as a function of the initial OH t vibrational energy. Although this theory is not strictly applicable, as it assumes randomization of energy throughout the molecule, crude estimates, at least, of the decomposition rates can be obtained. Taking the asymmetric stretch as the reaction coordinate, and the symmetric stretching and bending frequenc ies of the transition state to be 3652 and 797 cm-1 , respectively, the decomposition rate constants for the intermediate HOH are predicted to be 5x 10 12 sec-1 for OH t (1) and 7x 10 13 sec-1 for OHt (9). If the rate constant for intramolecular relaxation is of the order of 10 12 _10 13 sec-1 , which is not unreasonable on the basis of Monte Carlo calculations, 48 then decomposition of the intermediate formed from the higher vibrational levels may indeed be sufficiently fast to lead to a net decrease in k sa • Reactions (5) may thus be unusual in that efficient deactivation channels are available as well as reactive ones, and these may show different qualitative as well as quantitative dependences on v. Clearly, much further work is needed to elucidate the detailed reaction dynamiCS, if indeed Reaction (5b) is the source of the observed O(3P) . Further experiments are planned in this laboratory to confirm the source.
